This article comprises our final remarks on the phenotypic effects of alien plasmons on common wheat. Twenty-one vegetative, reproductive, and seed characters of 551 alloplasmic lines of 12 common wheat genotypes with 46 alloplasmons, and as the control, their euplasmic lines were investigated. Effects of genotype, plasmon, and their interaction had high statistical significance for all the characters investigated, whereas phenotypic variations attributable to the alien plasmons were relatively small. Individual plasmon types are characterized by their primary effects on 21 characters. Genotype x plasmon effects on two representative characters, heading date and plant height, are described in detail. Cluster and principal component analyses of the phenotypic effects of the 47 plasmons yielded 22 groups. The relationships between these phenotype-based groups and those defined by molecular differences in organellar genomes were examined. A significant correlation was found with some explainable discrepancies. For efficient plasmon identification, use of six of the present 12 genotypes is proposed. The key for plasmon classification is provided. Our findings indicate that alien plasmons may be of limited value in future wheat breeding, but that the plasmon diversity that exists in Triticum and Aegilops species is of great significance for understanding the evolution of these genera.
INTRODUCTION
A large amount of information on molecular variation in plant chloroplast and mitochondrial genomes has accumulated. The effects of these molecular variations on plant phenotypes, however, have seldom been studied, except for male sterility induction/fertility restoration and susceptibility to certain fungal diseases (Huang et al., 1990; He et al., 1996; Tang et al., 1998) . Characterization of the phenotypic effects of plasmons that differ in organellar genomes therefore is desirable. This should be a great help in future identification of the organellar genes responsible for specific phenotypic effects. In addition, cytoplasmically determined traits should provide critical information about the maternal lineage of species of hybrid origin because organellar genomes are transmitted maternally in most plants, including wheat and its related species.
We produced genotype-plasmon hybrids for all possible combinations between 12 nuclear genotypes of common wheat and 46 alien plasmons derived from all the species of two related genera, Triticum (wheat) and Aegilops (goat grass), which differ in their nuclear genome constitutions . Using these alloplasmic wheat lines and the corresponding euplasmic lines as controls, we investigated the phenotypic effects of the alien plasmons on various wheat characters. We here report the genetic characterization of the individual plasmons based on their effects on wheat phenotypes.
The complete phenotypic variation spectra in wheat produced by a wide range of organellar genome variations present in the two genera are reported, and the effects of the plasmon and genotype x plasmon interaction, relative to that of the genotype, are evaluated on individual wheat characters in terms of their genetic variances. An overview of the potential value of the alloplasmons for future wheat breeding also is given.
The following terminology is used: Genome for nuclear genome, plasmon for cytoplasmic genome, alloplasmon for a plasmon alien to common wheat, euplasmon for the Edited by Minoru Murataplasmon native to a species, alloplasmics for common wheat lines with alien plasmons, and euplasmics for lines with their own plasmons. Species names adopted follow Jakubziner (1958) for the genus Triticum and Kihara and Tanaka (1970) for the genus Aegilops . Designations of individual plasmon types follow those in our previous publication (Wang et al., 2000) .
MATERIALS AND METHODS

Materials.
Twelve euplasmic and 551 alloplasmic lines of common wheat (2n = 6x = 42, genome constitution AABBDD) were used. Euplasmic lines ( Table 1) that were alloplasmon recipients were the controls. Forty-six plasmon donors (Table 2) , from eight Triticum and 24 Aegilops species, represent all the known genome types in these two genera. Hereafter, recipients and donors of an alloplasmon are indicated by the abbreviated names given in Tables 1 and 2. Details of the procedure for alloplasmic line production have been described elsewhere . All the alloplasmic lines are shown by the names of the plasmon donor (in parentheses) and recipient, a hyphen being placed between the two names, e. g., ( btc )-CS for an alloplasmic line of Chinese Spring wheat bearing the T. boeoticum plasmon.
Of the 552 alloplasmic lines producible with 12 plasmon recipients and 46 plasmon donors, one line, ( btc )-N26, was not obtained in spite of repeated trials. This line therefore was missed in our field investigation, but data on early backcross generations were available. Exact backcross generations of all the other alloplasmics at the time of use are given in Tsunewaki et al. (1996) . About 87% of the alloplasmics reached the B 10 or later backcross generation, and 2.7% a generation between B 1 to B 5 , for which replacement of the donor's nuclear genes by those of the plasmon recipients is assumed to be insufficient.
Experimental design. The main part of the investigation was conducted in a Kyoto field during the winter cropping season of 1992 to 1993. A split plot design was used. The main plots comprised four replications and 12 wheat genotypes corresponding to the plasmon recipients. Subplots had 47 plasmons; one euplasmon, 46 alloplasmons. Two plants of the same line were planted in each subplot, and the average was used as the subplot value.
Various alloplasmic lines of Slm produce haploids and twin seedlings at different frequencies (Tsunewaki and Mukai, 1990) . The chromosomes of individual plants in these lines were checked in root tips collected from germinating seeds. Only plants confirmed to be diploid (2n = 42) were planted in the experimental plots.
Characters studied. Table 3 shows the characters, hereafter abbreviated as in the table. Data on the first 15 characters of Table 3 were obtained for four replications. PF was observed in field-grown plants, but pollen samples were taken from only a single plant. Data on the five characters, CSF, SFG, GR, HP and TP, were compiled from past records. CSF and SFG were calculated from pooled data for the five latest generations, whereas GR was calculated from data for all the generations since the B 1 . HP and TP were obtained only for Slm. Data from the B 1 to latest backcross generation were pooled for the alloplasmic lines, whereas several selfed generations were pooled for the euplasmic lines.
Data analysis a) Analysis of variance : Performances for the 15 characters observed in the field-grown plants were analyzed. Before analysis, SFF in percentage was converted to the corresponding angle, and EN to its square root. These conversions were made to transform binomial and Poisson distributions into normal ones.
The degree of freedom and the estimated mean square for each variation source are given in Table 4 . Significance of the effect of each genotype, plasmon, and their interactions was examined by F-tests (data not shown). The 5% least significant difference (LSD) for the plasmon is given by t 0.05, 1653 x{(2 x M. S. Eb.) / 48} Kihara and Tanaka (1970) and Kimber and Tsunewaki (1988) . Modified genomes are underlined. b) After Tsunewaki (1996 kotschyi accession based on morphological, cytological, and organellar DNA analyses (Tsunewaki et al., 2002) . Correlation coefficients between all the pairs of plasmons, genotypes, or characters were calculated based on standardized data scores. Cluster analysis was done by the UPGMA method (Sneath and Sokal, 1973) with correlation matrices.
RESULTS
Phenotypic effects of alien plasmons.
Performances of 47 plasmons on all 21 characters, averaged for 12 wheat genotypes, are shown in the Appendix. a) Analysis of variance: Data on the 15 characters observed in the replications were analyzed based on the model in Table 4 . Our main interest was to estimate the Main plot
Degrees of freedom for the total, G x P interaction, and error b were adjusted for missing (btc)-N26 subplots. degrees of genetic variation caused by differences in genotype and plasmon, and their interactions. Table 5 gives the mean squares of these genetic factors together with those attributable to corresponding errors. All F-values (not shown) were significant at the 1% level of probability, indicative that all the characters are under significant direct and indirect effects of the plasmons. Six other characters, for which plasmon effects could not be tested by an analysis of variance, also showed the remarkable plasmon and/or genotype x plasmon interaction effects.
Genetic variances attributable to the genotype (S G 2 ), plasmon (S P 2 ), and their interactions (S I 2 ) were estimated (Table 5 ). The ratio, (S P 2 + S I 2 ) / S G 2 , is the parameter of the sensitivity of a given character to the 47 plasmons, relative to the effects of the 12 genotypes. After the two characters, GV and WV, measured by qualitative grading, SFF had the largest ratio of plasmon to genotype effect, EL being the smallest, and the 11 other characters falling between the two extremes. These findings show variable sensitivities of different wheat characters to the same set of alloplasmons. EL, HD, IL4, and IL1 were insensitive, whereas SFF was extremely sensitive. b) Primary alloplasmon effects on wheat characters: The Appendix shows that plasmons of the same type had effects of similar magnitude on a given character. The magnitude of the primary effects of individual alloplasmons, averaged for 12 wheat genotypes, can be evaluated by [(performance of an alloplasmon) -(performance of the euplasmon)] / 5% LSD. Scores equal to, or larger than, 1 in absolute value represent a significant plasmon effect, whereas those less than 1 in absolute value represent a non-significant one. Fig. 1 gives the scores of the 46 alloplasmons. The degree of magnitude of the plasmon effect is graded "very severe" (absolute score ≥ 16), "severe" (absolute score ≥ 9), "moderate" (absolute score ≥ 4), "slight" (absolute score ≥ 1), or "none" (absolute score < 1).
As to the effects on 14 vegetative characters (characters 1 to 14), 22 plasmon types are classifiable in five groups: (1) types cause no sterility. Of the three seed characters GR, HP, and TP, HP and TP are known to be related (Tsunewaki and Mukai, 1990) . As to the effects on GR, the A and M h types caused moderate reduction; C, G, and M types slight reduction; N, T, and S b types a slight increase; and all the others had no effect (Fig. 1) . As to HP and TP, the C, T, T 2 , S l , S l2 , U, U 2 , and S v types caused a moderate increase, C 2 and N types caused a slight increase, and all the others had no effect (Fig. 1) x plasmon interaction in terms of the F-value was largest for SFF followed by HD and PH. The genotype x plasmon interactions observed in HD and PH therefore are considered respective representatives of the top and middle clusters. A description of the interaction in the bottom cluster is omitted, because the interaction effect on four fertility characters has already been reported . (i) Interaction observed in heading date: Fig. 3 shows delay of heading in the alloplasmics as compared to the corresponding euplasmics. No alloplasmic showed significant acceleration of heading. In the presence of the A and A 2 plasmons, three genotypes, C, E, and I, showed the least delay, whereas genotypes, D, G, and H, showed the greatest delay. Genotype B showed the greatest delay in the presence of the M and M h plasmons, but the least delay in the presence of the T plasmon. This genotype, a derivative of genotype A, has a structural aberration in chromosome 1D, to which a segment of chromosome 1C of Ae. caudata is translocated (Muramatsu, 1959 The first 18 principal components explained 99% of the entire variation, whereas the first four components, Z1 -Z4, explained ca. 77%. Contributions of the 21 characters to the first four principal components are shown in Table 6 . The first com- ponent, Z1, was related mainly to vegetative characters, because the first 14 characters which are vegetative all had in eigenvectors larger than 0.7 in absolute value. The Z2 component is clearly related to the three fertility characters, PF, SFF and SFG, but negatively related to IL1 and DW to a lesser degree. The Z3 component was determined mainly by the seed character GR, and to a lesser degree by WV. The Z4 component depended mostly on CSF, the female fertility.
Two-dimensional distributions of 47 plasmons, Fig. 6a  and b , are based on their Z1 and Z2, and Z3 and Z4 component scores. In the Z1-Z2 scatter diagram (Fig. 6a) In the Z3-Z4 diagram (Fig. 6b) Almost the same as the G-type plasmon, except for moderate male fertility in CS, moderate female sterility, and no seed germination inhibition. (8) C-type plasmon: Slight negative effects on several vegetative characters, severe male sterility, except for moderate to high male fertilities in P168, S615 and Cmp, slight female sterility associated with partial pistillody, and a moderate increase in haploid and twin frequencies (observed only for Slm, so with the plasmon types described below). (9) C 2 -type plasmon: Almost the same as the C-type plasmon, except for slight to high male fertilities in six genotypes, including P168, S615 and Cmp, and one-grade reduced haploid and twin frequencies. (10) T-type plasmon: Extreme delay in heading and moderate reduction of first internode length, a slight increase in the other eight vegetative characters, with moderate to severe male sterility, and a slight to moderate increase in haploid and twin frequencies. (11) Correlation between phenotypic effects of alien plasmons and organellar DNA diversity. It is important to know whether the above plasmon groups agree with their groupings based on organellar genome differences. Using the same plasmons as we did, Wang et al. (2000) studied mitochondrial (mt) DNA polymorphism by RFLP analysis with seven mitochondrial gene regions as probes (total size ca. 7.0 kb) and three 6 bp-recognizing restriction enzymes for DNA digestion. Based on the genetic distance of d = 0.05, as the break point, mitochondrial genomes of the 47 plasmons were classified in 19 groups (second column, Fig. 7) . We compared the correlation coefficient matrix of the 22 plasmon types on their phenotypic effects (not shown) to the genetic distance matrix based on the RFLP analysis of mtDNA (Table 5 of Wang et al., 2000) . A correlation coefficient, r = -0.352 with d.f. = 229, was obtained between the two matrices, significant at the 0.1% level of probability. This indicates that plasmons that have similar mitochondrial genomes tend to exert similar phenotypic effects. Ogihara and Tsunewaki (1988) made an RFLP analysis of chloroplast (ct) DNAs from 39 plasmons (two plasmons, A and S l2 , are missing) using simple electrophoresis of ctDNAs pretreated with each of 13 restriction enzymes, all 6-bp cutters. They detected 14 length mutations and 33 restriction site changes between the chloroplast genomes and identified the numbers and kinds of mutation between all the plasmon pairs. Plasmons that differed by two or more mutations were placed in different groups (third column, Fig. 7 ). Because the evolutionary stability of the chloroplast genome is higher than that of the mitochondrial genome, two pairs of plasmons, T and T 2 and U and U 2 , could not be distinguished by the RFLP analysis of ctDNA. Plasmon classification based on phenotypic effects is basically in agreement with that based on mt and ctDNA differences, with two exceptional plasmon groups. In one, plasmons with clear differences in their organellar genomes show no remarkable differences in phenotypic effects. In the other, they have identical organellar genomes, but show clear differences in phenotypic effects. The relatively small absolute value of the above correlation coefficient is, in part, due to the presence of these exceptional plasmon groups.
The first exceptional group includes two cases; (1) There are two possible explanations for this type of discrepancy. One is that certain molecular differences may be present in intergenic spaces and therefore have no effect on organellar gene expression . The other is that some molecular changes may not produce a serious phenotypic effect even though they affect functions of certain organellar gene(s) and gene products . The second type of discrepancy was found in three cases: (1) G-and G 2 -type plasmons, (2) C-and C 2 -type plasmons, and (3) S b -and S v -type plasmons. In all three cases, these pairs of plasmons showed clear differences in phenotypic effects, whereas their organellar genomes, both mitochondrial and chloroplast, were identical. This type of discrepancy may occur (i) because of the possibility of genetic differences between their organellar genomes, which have yet to be detected by RFLP analyses or (ii) possible retention of nuclear genetic materials (genes, chromosome or chromosome segments) of the plasmon donor throughout successive backcrossing. G-and G 2 -type plasmons differed greatly in female fertility (ref.
CSF in Appendix), the latter showing severe female sterility due to the presence of a gametocidal gene of the plasmon donor, spl2 (Tsujimoto and Tsunewaki, 1984) . The effect of this gene confounds the plasmon effect because of its preferential female transmission. The main difference between the C-and C 2 -type plasmons is moderate male fertility in Tve and Mch with the C 2 -type plasmon, but complete sterility in those genotypes with the C-type plasmon . To confirm whether this difference is due to a nuclear gene or plasmon difference, (cdt1)-Tve was pollinated with the pollen of (trn2)-Tve, and the F 1 hybrid backcrossed with the same pollen parent. In the B 1 generation, all the offspring showed complete male sterility, indicative that the high pollen fertility of (trn2) Wheat genotypes for efficient plasmon identification. The present set of 12 genotypes has proved useful for correct species identification of a taxonomically questioned accession of Aegilops through plasmon analysis (Tsunewaki et al., 2002) . To produce a set of 12 alloplasmic lines by repeated backcrosses, however, is laborious. A reduction in the number of tester genotypes is desirable, if possible. Clustering of the 12 genotypes was done by the UPGMA method using a correlation coefficient matrix (Fig. 2b) . Taking r = 0.70 as the break point, the 12 genotypes group in six clusters: (1) Tve, P168, JF, Sk, and S615, (2) Cmp, (3) CS, (4) N26 and Sphr, (5) Slm, and (6) Splt and Mch. One representative from each cluster (totally six genotypes) provides a reasonable tester set for plasmon type identification. The first cluster of the dendrogram has three separate genotype sources. P168 is a derivative of a hybrid between Tve and Ae. caudata which has a genetic background related to Tve. JF is a North American winter wheat, and Sk and S615 are Canadian spring cultivars. P168 is an excellent tester for U-, U 2 -, (Tsunewaki et al.,1996) , but their origins appear to differ based on their genotypes for hybrid necrosis and chlorosis (Tsunewaki, 1971) . When crossed to other common wheats, Mch often produces lethal F 1 hybrids due to chlorosis caused by two complementary genes, Ch1 in Mch and Ch2 in other wheats and is not desirable as a plasmon tester. Splt therefore is a better representative of this cluster. Six genotypes, CS, N26, Slm, JF, Cmp, and Splt, thus can be chosen for efficient identification of plasmon types for Triticum and Aegilops accessions. The key to classifying the 22 plasmon types with these six tester genotypes is given in Table 7 . B-, D-, and Stype plasmons could not be distinguished from each other using all 12 genotypes. The same situation is expected when using the proposed six tester genotypes. M-and M h -type plasmons can not be distinguished by the proposed six tester genotypes. This is the only point missed when six instead of all 12 genotypes are the testers. We conclude that use of the proposed six genotypes is efficient enough for plasmon type identification in Triticum and Aegilops.
Potential value of the alloplasmons for future wheat breeding. The magnitude of phenotypic variation in the 15 characters produced by the 47 plasmons ranged from 30% on EL to ca. 4,000% on GV, as compared to phenotypic variation observed in the 12 wheat genotypes (ref. the last column of Table 5 ). The fact that euplasmic lines of all 12 genotypes show almost no variation in the three characters GV, WV, and SFF, is the reason for the extremely large degree of phenotypic variation in these traits produced by alloplasmons. For all (Fig. 3) . Plant height increased only in five genotype-plasmon combinations. The weight of dry matter, including the grains, was increased significantly by the G-, T-, and U 2 -type plasmons, but this increase was merely due to deep sterility that causes continuous tillering in the sterile plant, producing few seeds. These facts indicate that genotype-plasmon heterosis is not a common phenomenon.
Another point to clarify is whether the alloplasmons confer pest resistance or stress tolerance on wheat. Our studies on the responses of alloplasmic wheat lines to inoculates of a limited number of races of stem rust, powdery mildew, brome mosaic and barley streak mosaic viruses, and aphid infestation in the field all indicated that the variation caused by the plasmons tested is much smaller than the variation attributable to the 12 wheat genotypes . The contribution of the plasmons to genetic variation in pest resistance, as compared to that of the wheat genotypes, is similar to the relationship between various vegetative and reproductive characters. We found no promising plasmon sources that would confer significant resistance or tolerance to any of the various pests tested. This suggests that both wheat and goat grass have evolved resistance or tolerance to various pests and environmental stresses mainly by remodeling the genotype in virtue of the biparental transmission of nuclear genes, not of the plasmon, which genes are transmitted only through the female parent.
For hybrid wheat breeding, we suggested that the three plasmon types D 2 , S v , and N, could provide a candidate source of practical male sterility (Tsunewaki, 1988 
